We study composites of monodisperse ferrimagnetic nanoparticles (NPs) embedded into ferroelectric barium titanate (BTO) films. The BTO films were prepared by pulsed laser deposition. The composite consists of a stack of two BTO films sandwiching one monolayer of iron oxide NPs. We observe a magnetoelectric coupling due to strain and interface charge co-mediation between the BTO and the NPs. This is demonstrated by measurements of the magnetization as function of DC and AC electric fields. or for multifunctional devices [1] [2] [3] [4] .
Introduction
Magnetoelectric (ME) materials allow the manipulation of the magnetization M by an electric field E or of the polarization by a magnetic field. ME materials have stimulated great research interest due to their potential applications in spintronics Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) substrate [6] . Considerable studies have also addressed systems composed of FM and FE bilayers. E.g. La0.7Sr0.3MnO3 / BaTiO3 [7] , La1.2Sr1.8Mn2O7 /PbZr0.3Ti0.7O3 [8] , or Ni0.5Zn0.5Fe2O4 / BaTiO3 [9] . Here the MEC effect can be ascribed to a strain or/and interface charge mediated coupling mechanism depending on the thickness of the FM layer [10, 11] .
On the other hand, nanoparticles (NPs) can be regarded as building blocks for artificial super-structures [12, 13] . Such systems are particularly interesting because of their prospective applications in multifunctional materials. FM-FE or FiM-FE composites based on magnetic NPs are promising novel candidates for artificial nanoscale multiferroic devices [14, 15] . However, studies of ME systems consisting of self-assembled NPs are very limited and consequently several open questions remain. Therefore, we investigated the MEC effect in a composite system of self-assembled iron oxide NPs embedded in BTO films.
Material and methods
5 × 5 × 0.5 mm 3 (001) Niobium doped Strontium Titanate (Nb-doped STO) substrates (MaTeck) were used in this study. BTO films were deposited onto Nbdoped STO substrates by pulsed laser deposition (PLD) with 5 J/cm 2 energy density per pulse at 10 Hz repetition rate with a thickness of 500 nm. On top of the BTO film a layer of Iron oxide NPs coated with an oleic acid shell initially dispersed in toluene (Ocean NanoTech) was applied. The particles have a mean diameter of 20 nm and a size distribution width of 7%. The composition is hereby a mixture of γ-Fe2O3 and FeOx [16, 17] . 2.5 μL diluted iron oxide NPs were taken by a transferpettor, dropped onto the BTO film and then spin-coated with 3000 rpm for 0.5 min. In order to remove the oleic acid shell around the NPs, the samples were then treated in an oxygen plasma asher (PNA Telpa 300, CNST) with an oxygen pressure of 0.3 mbar, a gas flow of 200 ml min −1 and a power of 3000 W for 3 mins.
Subsequently a second 500 nm BTO film was deposited embedding the NPs. The crystalline quality of the as-prepared BTO films on Nb-doped STO substrates was characterized using an X-ray diffractometer (D8 advanced, Bruker AXS). The micromorphology of the NPs was studied using a scanning electron microscope (SEM, SU8000 from Hitachi). Magnetometry measurements were performed using a superconducting quantum interference device (SQUID) magnetometer (MPMS XL from Quantum Design). The magnetoelectric AC susceptibility (MEACS) was measured at the same SQUID magnetometer with an additional upgrade for the measurement of the ME coupling [18] . The topography of the as-prepared BTO films was studied using SEM as shown in The manipulation of magnetization of the sample was measured as a function of applied electric field. The amplitude of the electric field was varied from -100 kV/cm to +100 kV/cm while a constant magnetic field of 5 mT was set during the measurement. The time dependent electric field and the magnetic moment are displayed in Fig. 3(a) . The magnetic moment of the sample changes clearly periodically and synchronized with the electric field which reveals that the electric field directly affects the magnetization of the system. Since both the substrate, the BTO layers and Au layers contribute only with a negligible magnetic moment, the magnetic response shown here originates solely from the iron oxide NPs (see supporting information).
Results
This tuning of the magnetization can be interpreted in terms of an indirect and a direct ME coupling effect.
As indirect coupling, mechanical strain is induced by the application of an electric field via the piezoelectric properties of the BTO film. This changes the magnetization of the iron oxide NPs due to the strain acting on the NPs and the associated change in magnetostrictive energy of the NPs.
The strain as function of electric voltage is expected to show a butterfly shaped curve which is shown in the left-up corner inset in Fig. 3(b) as a schematic [17] .
In addition we assume also a direct ME coupling effect resulting from interface charges between the BTO matrix and the iron oxide NPs. I.e. the induced electric polarization in the BTO film generates surface charges at the surface of the BTO film to the NPs. The charges are screened by an equal number of charges of opposite sign at the surface of the NPs. The screening charges would then be spin polarized due to a net FM exchange interaction inside the NPs resulting in an additional magnetic moment. [22] . Such a scenario would show qualitatively a behavior as we observe in the inset at the bottom right in Fig 3(b) . The curve magnetization vs. electric fields shows an asymmetric shape which can be decomposed in a part of a ferroelectric hysteresis loop and butterfly shaped loop corresponding to piezoelectricity. Apart from DC electric field measurements, the effect of an AC electric field onto the magnetic properties of the sample was also probed. The temperature dependent magnetoelectric AC susceptibility (MEACS) coefficient αME was measured with the AC electric field with a frequency f = 1 or 9 Hz and amplitude U0 = 4.5 or 9 kV/cm, respectively. The αME directly probes the MEC effect at a chosen frequency [17] . αME as a function of temperature for various AC electric fields is depicted in Figure   4 (a-c). The sample was first investigated upon cooling with an AC electric field amplitude of 4.5 kV/cm, with a frequency of 1 Hz and a constant magnetic field of 5 mT (Figure 4(a) ). The αME is negative and decreases smoothly as the temperature decreases. Moreover, a jump at around 250 K is observed. The magnetization jump is very likely due to the MEC effect induced by strain from the BTO. Similarly prepared BTO films show a phase transition at 248 K as found from permittivity vs. temperature measurements [23] .
When further increasing the frequency to 9 Hz, both the amplitude of αME and the signal jump at 250 K become smaller (Figure 4(b) ) which indicates that the MEC effect has a frequency dependence and that qualitatively the ME coupling cannot follow the AC field excitation due to an intrinsic speed of the coupling.
Correspondingly, the imaginary part of the coefficient increases at 9 Hz compared to 1 Hz which represents an increasing dissipation as the frequency increases (not shown) [23] .
It is expected that a stronger electric field of 9 kV/cm would enhance both the amplitude of αME and the jump height (Figure 4(c) ), because a larger electric field will enhance the strain amplitude of BTO film and induce more charges at the interface between BTO film and iron oxide NPs. The absolute value of αME does increase but the jump height is basically similar as in the case of 4.5 kV/cm.
Obviously the action onto the NPs saturates already at 4.5 kV/cm and cannot be enhanced further.
Conclusions
We prepared artificial ME heterostructures composed of iron oxide NPs which are embedded in BTO thin films. A MEC effect of this composite is observed as demonstrated by measurements of the magnetization vs. temperature and vs. electric field and using MEACS. A combined strain and interface charge comediated mechanism is responsible for the MEC effect. Such NP based ME composites provide an inexpensive way for the fabrication of electronic devices by self-assembly techniques.
